may be transported across the plasmalemma by a common carrier and that Cl-and L-malate may be transported by a common process at the tonoplast. d'Auzac (6) isolated an ATPase from the tonoplast that was activated by Cl-, HCO3, malate, aspartate and tartrate, which he hypothesized maintained the acid pH of the vacuole. However, the tonoplast ATPase, isolated by Lin et al. (1 1), was strongly inhibited by 15 mM L-tartrate.
in the pH of the xylem fluid as well as a decrease in the volume of fluid secreted into the xylem. Exogenous 50 millimolar CaC12 decreased exudate volume to 8% of control within 0.5 hour. Nitrate and malate deposition into the xylem was prevented by pretreatment in 5 millimolar CaC12; nitrate deposition was resumed shortly after resumption of malate deposition. Fifty millimolar L-tartrate, an inhibitor of the Cl-, malate-activated ATPase (in vitro) of the tonoplast, also decreased exudate volume as wel as slightly lowering exudate pH. The osmolality of the exudate was found to be constant at 70 ± 11 milL;osmomoles per kilogram in all treatments. Dixon plots (log of exudation rate versus pH of exudate) indicated a pKa of 5.11 for the exudation process which is very close to the pKa of L-malate (5.13). In addition, a Dixon plot of the L-glutamine deposition (L-glutamine being the major form of reduced nitrogen in the exudate) versus pH also indicated a pKa near 5. 15 .
The pH optimum for glutamine transport into the xylem was 5.5. Deposition of glutamine into the xylem may be regulated by the xylem pH (5.30 + 0.05) which in turn may be regulated by the presence of 10 millimolar malate. It is proposed that the transport of glutamine into the xylem may provide the driving force for the exudation process.
L-Malate is a prominent organic acid in many plant tissues. In dicotyledonous plants L-malate, along with citrate, succinate and cis-aconitate, account for the bulk of the organic acids present. In tobacco leaf, L-malate is present at a concentration of 106 ueq/g fresh weight whereas total nonvolatile organic acids were 145 ,teq/ g fresh weight (18) . In monocotyledonous plants such as corn, sorghum, and wheat, however, trans-aconitate is the major organic acid with L-malate present in smaller quantities (3).
A major function of organic acids in plant tissue is to replace the negative charge lost when N03-or S042-is reduced. Thus, Dijkshoorn (7) concluded it was logical not to find L- Because xylem exudate is known to contain organic acids (19) and have a pH of 5.3 ± 0.1 (17) it was hypothesized that L-malate may regulate the xylem fluid pH of corn seedling roots. The objective of this study was to determine the role of L-malate in the xylem exudation process and its effect on the translocation of N03 and reduced forms of nitrogen in the xylem. (9) , 36 yLM Fe as FeHEDTA (ferric hydroxyethylenediaminetriacetate) (4), and either 0.6 mM KC1 (experiment 1) or 0.5 mm K2SO4 (experiment 2). The pH was maintained between 4.0 and 6.1 by periodic additions of KOH which added <1 mm K+ to the nutrient solution.
MATERIALS AND METHODS

Seeds
The first experiment was begun by decapitating the seedlings just below the first node and placing them in a pretreatment solution containing 0.25 mM CaSO4 plus either 10 mm KCI or 5 mM CaCl2 for 3 h. The pretreatment period was followed by a 5-h treatment period of 0.5 mm KNO3 and 0.25 mm CaSO4 which replaced the pretreatment KCl-CaSO4 or CaCl2-CaSO4. The pretreatment and treatment solutions contained chloramphenicol (20 mg/l) to control bacteria and were buffered to pH 6.1 with 0.5 mm Mes. Four replications were used.
For root and shoot tissue analysis the material was weighed and immediately immersed in methanol-chloroform-water (13: 4:3, v/ v/v) for storage. The tissue was homogenized with a Tekmar homogenizer at 0 to 4 C for 1.5 min. The resulting homogenate was centrifuged at 12,300g for 15 min at 0 C. The supernatant was decanted into a 50-ml centrifuge tube, and 10 ml of distilled H20 and then 8 ml of chloroform added. The separation of the chloroform and methanol-water phases was accomplished by centrifugation at 12,300g for 15 min at 0 to 4 C. The methanol-water layer (top) was decanted, bubbled with air until all methanol was evaporated, and the solution brought to 25 ml. These aqueous extracts were frozen until assays were performed.
Nitrate uptake was calculated from nutrient solution depletion. Malate, Cl-, and N03 accumulations were calculated from root and shoot tissue analyses. Glutamine, malate, Cl-, and N03 translocation are given as the amount of each found in the xylem exudate. Malate synthesis was calculated from the change in malate accumulation with time plus that found in the exudate (translocated) during that same time period.
The treatment solution for the second (or inhibitor) experiment consisted of the nutrient solution in which the seedlings were initially grown and contained gentamicin (10 mg/l) rather than chloramphenicol, 1.0 mm glutamine as a nitrogen source to sustain exudation, and either CaCl2 (0, 20, and 50 mM) or K tartrate (20 and 50 mM) to inhibit exudation. The control treatment was initiated by simply changing the pretreatment solution with fresh pretreatment solution. The treatment solutions were buffered as before, and four replications were used. Seedlings were decapitated at the time they were placed in the treatment solutions.
Exudate (assumed to be xylem fluid by virtue of its low osmolality) was collected during experiments with tared 200-1,l glass capillary tubes and weighed to the nearest mg. It was immediately frozen or diluted to 10 or 25 ml and then frozen. The exudate was assayed without further manipulation, as were the experimental nutrient solutions in the first experiment. Nitrate, L-malate, and L-glutamine were determined enzymically with nitrate reductase (EC 1.9.6.1; according to a manual adaptation of the method of Lowe and Hamilton [12] ), malate dehydrogenase (EC 1.11.37 [8] ), and glutamine synthetase (EC 6.3.1.2 [14] ), respectively. Chloride was assayed by potentiometric titration. Exudate pH was determined (±0.02 units) with a combination microelectrode (Microelectrodes, Inc., Londonderry, N.H.). Osmolality was determined on undiluted exudate with a Wescor dew point osmometer (Wescor, Inc., Logan, Utah).
RESULTS
In the first experiment where plants had been pretreated with either 10 mM KCI or 5 mLm CaCl2 for 3 h followed by 5 h of nitrate nutrition, the KCl-pretreated plants translocated more Cl-and L-malate (significant at P c 0.05; Table I ). Although nitrate translocation rates were not different, nitrate translocation was delayed by the CaC12 pretreatment until 0.5 h after L-malate appeared in the xylem exudate (Fig. 1) . It is also noteworthy that the KCl-treated plants synthesized more L-malate than the CaCl2- treated plants despite the fact that the Cl-concentration in the roots was significantly greater (P c 0.10) in the KCI treatment (Table I) .
In the second (inhibitor) experiment the effects of CaCl2 were dramatic and concentration-dependent. In the 50 mm CaCl2 treatment, the rate of exudation was reduced to 8% of the control level in 0.5 h; it recovered only slightly during the next 4.5 h (Fig. 2) . Concomitant with this rapid decrease in exudation rate was an immediate drop in the pH of the exudate from 5.3 to 4.6 (Fig. 3) 14 ,mol/5 plants-5 h in the control (Fig. 4) . The 20 and 50 mM K-tartrate treatments, on the other hand, translocated 28 and 21 ,umol/5 plants * 5 h, respectively (Fig.  5) . Concentrations of L-malate in the xylem exudate also showed a treatment effect. In control samples, the L-malate concentration declined as the experiment progressed from 11.6 to 7.1 mm but remained fairly constant with time in the K-tartrate treatments at The CaCl2 and K-tartrate treatments decreased L-glutamine translocation rates in a concentration-dependent fashion also. The K-tartrate treatments reduced L-glutamine translocation rates from 14.0 utmol/5 plants-5 h (control) to 10.2 and 9.9 t,mol/5 plants. 5 h (20 and 50 mm K-tartrate, respectively) (Fig. 6 ). CaCl2 treatments reduced L-glutamine translocation rates to 10.3, 5.9, and 1.8 ,umol/5 plants-5 h in the 5, 20, and 50 mm CaCl2 treatments, respectively (Fig. 7) .
The treatments produced changes in exudate pH and weight, and L-malate and L-glutamine translocation such that a wide range of values for these four variables were obtained. This made possible the kinetic analysis of these data discussed below. (Figs. 2 and 3) and recovery in the glutamine translocation rates. Results from the first experiment (Table I and Fig. 1 ) would indicate that this malate was not vacuolar, because there was no treatment difference in the levels of accumulated L-malate during the experiment but only that synthesized after the removal from the CaCl2 or KCI pretreatment (Table I) .
It has been suggested that Cl-decreases cytoplasmic pH when CF--OH-exchange (antiport) occurs and that a secondary effect of this exchange is to lower the HCO3 concentrations and, thus, reduce malate synthesis (5). This seems the most logical explanation for the pH drop by the CaCl2 treatments in this experiment. The Cl-may have been taken up much faster than the Ca2 , such that the cytoplasm, loaded with an excess of anions, effluxed OHto the ambient solution. As a result of this, cytoplasmic pH fell, malate synthesis was inhibited, and exudation was decreased (until the pH rose again, as in the 5 and 20 mm CaCl2 treatments). An alternative explanation to this is that the observed pH drop in the exudate of CaCl2 treatment plants arose from the action of an electroneutral symport of H+ and CF-into the xylem. There is evidence of a K+-stimulated ATPase in xylem parenchyma cells of barley root (20) . Since these cells are responsible for regulating ion transport into the xylem vessels it is conceivable that the plasmalemma of these cells contain such a symport system (13).
Inasmuch as CF-translocation was significantly less in the CaCl2 treatment than in the KCI treatment in the first experiment, it seems more likely that the Cl--OH-antiport system suggested by Cram (5) was operative.
The inhibition and subsequent recovery of exudation by Ktartrate treatments are more difficult to interpret. L-Tartrate was possibly converted to L-malate (16) since the exudate concentration was elevated about 2-fold, and the total amount translocated was increased. Assuming this to be true, the recovery of exudation in the K-tartrate treatments was probably a result of increased malate deposition in the xylem, since both the pH and exudation rate returned to control levels after 2.5 h in the 20 mm treatment (Figs. 2 and 3 ). In the 50 mM K-tartrate treatment, neither exudation rate nor pH level returned to control levels and Lpmalate deposition into the xylem was less than in the 20 mm treatment, indicating either greater tartrate inhibition of ATPase (11) or less conversion to L-malate. Because L-tartrate has also been shown to be an activator of the CF-, malate-activated ATPase in plants (and there was observed here a recovery from the pH drop proportional to the L-malate levels), it is possible that the tartrate may have exerted its effect mainly by its conversion to Lmalate. This conversion is apparently irreversible in grape leaves (16) . One cannot rule out the possibility, however, that K+ uptake was greater than the balancing anion, tartrate, which thus stimulated malate synthesis. In either case, the end result would probably be the same; that is, increased malate levels.
When the log of the exudation rates (hourly treatment means) are plotted versus pH (hourly treatment means) (Dixon plot; 15), the resulting curve, calculated by multiple regression analysis, shows a pH optimum for xylem exudation at 5.6 (Fig. 8) The reason why both exudation rate and glutamine translocation yield a pK close to 5.13 may be that they are highly positively correlated ( Fig. 10 ; r = 0.85, P c 0.001), although a high correlation does not necessarily prove cause and effect per se. Nonetheless, this is an extremely important relationship since L-glutamine is the major form of reduced nitrogen in the exudate. It can be inferred from this relationship that water may move across the plasmalemma via the symplast into the xylem vessels in response to glutamine transport. The converse, that glutamine transport occurs in response to water transport into the xylem, cannot be ruled out however.
Because the apparent pH optimum for glutamine transport into the xylem, 5.5, is close to the isoelectric point of L-glutamine (5.65), L-glutamine may be transported as an uncharged molecule. Once in the xylem this uncharged molecule would take on a slight positive charge by virtue of the pH (5.3), which is regulated, in part, by L-malate. L-Malate, Cl-, N03-, or S042-then balance this positive charge as the ionic species are transported with K+ or H+. These ions require water for solvation, and would, therefore, bring about xylem exudation. It is interesting to note that the osmolality ofthe exudate appears to be constant at about 70 ± I I mosmomol/ kg, indicating that water may be secreted into the xylem vessels until this osmolality is reached. Thus, the transport of glutamine into the xylem vessels as an uncharged molecule may provide the driving force for xylem exudation in corn seedling roots. 
